Abstract-Operators of micro-grid as privately-owned sectors try to optimally determine their energy supply strategy aiming at maximizing their profits. Smart grid infrastructures enable residential consumers to modify their electricity consumption in response to energy prices. Clearly, increasing energy tariffs have positive impacts on the operator's profit. Additionally, sensitivity of consumption to selling prices leads to demand reduction by increasing energy tariffs. Therefore, operators of micro-grids retain a tradeoff between energy tariffs and demand. This paper presents a game theoretical approach for operators of micro-grids to supply the required energy of price-sensitive clients. Additionally, the informationgap decision theory (IGDT) is used to handle the financial risk arising from the uncertain wholesale prices. Simulation results justify the performance of the proposed approach.
I. INTRODUCTION
In deregulated electricity distribution networks, the microgrid operator (MO) functions as an intermediary between the wholesale market and small consumers. In other words, MOs supply the required energy of consumers from competitive markets or their self-generating facilities. MOs as privatelyowned sectors try to optimally determine the energy providing strategy and selling prices aiming at maximizing their expected profits. Consequently, the selling price may be set in a manner covering the supply cost and providing an acceptable profit for MOs. Mainly, the wholesale energy price is highly volatile and varies every hour. Accordingly, ignoring the uncertainty pertaining to the wholesale price may impose significant financial losses to energy providers. Also, the fluctuation of clients' demand is another uncertainty source faced by MOs. Since a considerable quantity of electrical energy is not storable in an economical manner, the energy shortage should be resolved in the spot market. Clearly, the spot markets' prices are usually higher than the day-ahead or hour-ahead ones. Therefore, unpredicted demand fluctuations impose additional supply costs to MOs. Accordingly, it is vital to develop a proficient non-deterministic energy procurement strategy for MO hedged against the inherent uncertainty of the wholesale prices.
The optimal energy procurement strategy of MOs is previously analyzed by means of different approaches in the literature. In [1] , a stochastic framework is proposed for managing renewable energy resources in a micro-grid. The bidding strategy of MO under uncertainty is evaluated in [2] . In [3] , the optimal operation of energy storage in micro-grids is formulated. In [4] , the impact of electrical vehicles and load elasticity on operation of micro-grids is modeled. In [5] , a stochastic framework is proposed for simultaneously managing both electrical and thermal loads. In [6] , a bi-level model is proposed to determine the economical and optimal operation of micro-grids. In [7] , the optimal size of renewable energy resources in a micro-grid is determined. In [8] , a multi-objective framework is presented to simultaneously optimize the cost and emission of a microgrid. In summary, previous research works usually either discount the uncertain nature of energy procurement in micro-girds or account them in terms of probability distributions. However, in practice, it is hard to obtain the exact probability distributions for different types of uncertainty sources [9] . Therefore, it is necessary to develop more practical approaches instead of typical probability distribution-based approaches.
The smart metering/measuring facilities enable end-use consumers to monitor selling prices and determine their consumption. Therefore, MO and consumers face a game to specify their optimal strategies. In this game, MO specifies the selling price in a way maximizing profits. According the proposed selling prices, consumers adjust their demands. Hence, offering the higher selling price reduces the demand that may lead to lower profit for MO. In this research work, a game theoretical approach is addressed to evaluate the optimal strategy of MO. Moreover, the information-gap decision theory (IGDT) as a proficient uncertainty handling method is used to characterize the uncertainty of the wholesale prices without requiring any probability distribution [9] . The main contributions of this research work can be summarized as follows: 1) A robust framework is presented to determine the optimal strategy of MO and clients' consumption based on the consumers' sensitivity to selling prices.
2) The game theory methodology is applied to evaluate the clients' response to sale prices.
The rest of this paper is organized as follows. Section II represents the proposed energy providing strategy. The game theoretical approach is introduced in Section III to specify the optimal selling price and demand. The IGDT-based formulations are given in Section IV to evaluate the financial risk of price uncertainty. The performance of the proposed framework is evaluated in Section V using a case study. Finally, concluding remarks are provided in Section VI.
II. OPTIMAL FRAMEWORK OF MO
To determine the demand, sale prices, and the energy acquisition strategy, objective functions of clients and MO are introduced in this section.
A. Clients' Objective Function
In this work, a linear demand-price model is used to characterize the sensitivity of demand to selling price as follows: Π is the micro-grid's selling price, and t ε is the elasticity of demand at hour t. Also, T denotes the set of all hours. Equation (1a) can be rewritten as follows:
To quantify the benefit of consumption t d , it is assumed that the sensitivity of the benefit function (i.e., t B ) to the hourly demand is equal to the sale price as given below [11] : / ;
By substituting (2) in (3), expression (3) can be rewritten as follows:
Therefore, the benefit function of clients is calculated as follows:
The profit of clients (i.e., cl Pr ) is equal to the benefit of electricity consumption minus the supply cost. Hence, the clients' objective function is derived as follows: 
Here, it is assumed that the required energy of clients is provided by distributed generators (DGs), wholesale market, and forward contract. Accordingly, the supply cost at hour t can be obtained as given in (9): ;
where WS t C ,
FC t C , and
DG t C represent the total costs of purchasing electricity from the wholesale market, the forward contract, and the total operation cost of DGs at hour t, respectively. The procured power B WS t P and the wholesale price WS t Π affect the wholesale procurement costs at hour t as given in (10): ; 0
The entire procedure of modeling FC t C is provided in [11] . According to [11] , the cost of procuring power from the forward contract is formulated as given below:
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The fuel-related costs of the thermal DG units can be represented as given below:
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In the proposed framework, it is assumed that MO can resell the energy to the wholesale market as well as the final clients. Consequently, MO's income can be calculated as given below:
where S WS t P represents the sold power in the wholesale market. Also, the operation-related constraints of DGs are given below [11] :
-Minimum Up-time Constraint -Minimum Down-time Constraint 
-Supply-Demand Constraint The total procured power from the wholesale market and the forward contract as well as the power production of DGs should be equal to the amount of sold power in the wholesale and the clients' demand:
By substituting (10), (11), (13), (14), (15), and (18) in (8), the profit function of MO can be rewritten as follows:
, 0,..., , 1,..., 2 
III. GAME THEORY FRAMEWORK The game theory is a mathematical decision-making tool to find the optimal strategy in cooperative or non-cooperative optimization problems between players. In the game theorybased models, the equilibrium of the game refers to a strategy where no player can profit via unilaterally changing their strategies. As mentioned before, the energy trading between MO and price-sensitive clients can be characterized as a game. Although MO can obtain the maximum profit in a particular selling price, it does not mean that clients can obtain their maximum profit at the same selling price. The higher selling price increases MOs' profit and decreases the clients' consumption.
In the proposed game theory-based model, the optimal strategy (i.e.,
:
: , ,..., T Θ = Θ Θ Θ ). The IGDT-based risk-management approach is presented in the next section.
IV. INFORMATION-GAP DECISION THEORY
The IGDT methodology is a non-probabilistic riskmanagement approach to determine a robust solution under different uncertainty sources [9] , [10] . The information-gap models quantify the variation interval of the uncertain variable as the gap between what is known and what is unknown. The variation interval, which is designated as the robustness region, can be represented as follows:
where WS t Π denotes the expected values of the hourly energy prices. The gap between the known and unknown values of uncertain price is modeled by λ . In the IGDT-based models, the robustness region or λ and the optimal decision can be obtained by means of the desired performance function. Two types of performance functions are presented in the IGDT methodology: robustness and opportunity. The robustness function determines the maximum variation interval of the uncertain parameter that ensuring the minimum profit is within the robustness region. The opportunity function determines the minimum variation interval that ensuring the maximum desired profit is achievable for at least one price belonging to the robustness region. The risk-averse MOs select the lower risk level. Consequently, they choose the robustness function. The risk-taker MOs select the higher risk level to obtain the desired performance. Consequently, they choose the opportunity function and specify the optimal strategy based on the best condition up to the horizon of uncertainty. These functions can be written as follows: V. SIMULATION RESULTS In this work, the presented energy acquisition strategy is implemented on a price-taker supplier who has four thermal DGs [11] . The characteristics of DGs as well as available stepwise forward contracts are similar to [11] . The initial selling prices (i.e., Fig. 1 . Moreover, the elasticity coefficients within low-load (i.e., hours 1-6), mid-load (i.e., hours 7-18), and peak-load hours (i.e., hours 19-24) are equal to -4, -4.8, and -5.2, respectively. In this research work, it is assumed that MO can offer the selling price based on a time-of-use pricing. Therefore,
M t
Π is considered as:
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The optimal framework of MO to provide the required energy of the price-sensitive clients and the demand at every hour are illustrated in Fig. 2 . It is worthwhile to note that the wholesale prices in this case study are equal to the expected values, as depicted in Fig. 1 . Simulation results demonstrate that the maximum profits of MO and clients are equal to $7416 and $2389.9, respectively. The optimal selling prices for low-load, mid-load, and peak-load hours (i.e.,  ) are provided in Fig. 3 . As mentioned, a higher selling price leads to a higher profit for MO. However, the intelligent clients reduce their consumption by increasing the selling price. As depicted in Fig. 3 , increasing the selling price has a negative impact on MO's profit Fig. 4 depicts the sensitivity of clients' demand and profit to the average selling price. The sensitivity of the clients' profit to the selling price is not linear. Table I and Table II demonstrate the effects of the variations of the wholesale prices on the optimal selling price and the MO's profit, respectively. Fig. 1 . Initial selling prices, initial demands, and expected wholesale prices. Table III . Clients' maximum and minimum profits for different variation intervals of wholesale prices ($). Simulation results demonstrate that the minimum and maximum selling prices within the variation interval (1 ) ,
 are obtained at the minimum and maximum wholesale prices, which are equal to (1 ) WS t λ − Π and (1 ) WS t λ + Π , respectively. In other words, by increasing wholesale prices, MO has to offer the higher selling price to cover the supply cost. Table II demonstrates that increasing the wholesale price uncertainty (i.e., variation interval) increases the minimum and maximum profits of MO. It is worthwhile to note that MO provides a major portion of the required energy of the clients at the low-price hours using the wholesale market. As mentioned above, MO has to offer the higher selling price within the high-price hours, which results in a lower consumption. Consequently, MO is capable of selling the surplus energy at the higher price in the wholesale market. Evidently, DGs and forward contracts enable MO to obtain a higher profit in all circumstances. The clients' profit for different variation intervals of the wholesale prices is presented in Table III . According to the provided results, the maximum and minimum profits are obtained for the minimum and the maximum prices identified by the uncertainty horizon, which are equal to (1 ) This figure justifies that the clients' price sensitivity, DGs, and forward contracts enable MO to obtain a higher profit at low-price and high-price hours. According to Fig. 5 , for 0.0289 λ ≥ , the minimum profit is equal to $7391 (the expected profit is equal to $7416). Therefore, the profit deviation factor of the risk-averse MO (i.e., RA ρ ) in expression (29) cannot be higher than 0.0034. It is worthwhile to note that these results depend on WS t Π . Therefore, to evaluate the performance of the proposed robustness and opportunity functions, the expected values of the wholesale prices are modified according to Fig. 6 . Also, to evaluate the optimal framework of the risk-averse and the risk-taker MOs based on the proposed robustness and opportunity functions, the desired profit level, denoted by Π are equal to $91, $108.5 and $115, respectively. The maximum profit of clients based on the proposed strategy is equal to $2204.4. Fig. 8 demonstrates that the optimal framework of the risktaker MO. The minimum variation interval of the wholesale price, which ensures the maximum profit $10500, is equal to 0.05148 ( 0.94852 ,1.05148 demonstrates that the risk-averse and risk-taker MOs prefer to determine their optimal strategies based on the minimum and maximum wholesale prices, respectively. Therefore, risk-taker MOs have to offer the higher selling prices to their clients. According to (1a), increasing the selling price reduces the clients' consumption. Hence, the risk-taker MO has more surplus energy for selling in the wholesale market. Additionally, the optimal power production of DGs in the risk-taker strategy is higher than the risk-averse one.
VI. CONCLUSION This paper presents a robust energy acquisition framework for micro-grid operators to determine the optimal energy procurement strategy based on the price uncertainty and demand sensitivity to the selling prices. MO's profit depends on the selling price and demand, which are determined by MO and clients, respectively. Accordingly, by the game theoretical approach, the optimal selling prices are specified to simultaneously optimize the profits of the MO and clients. During the low-price hours, MO provides a major portion of the required energy of clients using the wholesale market. Additionally, by increasing the wholesale price, the selling price is increased, which results in the lower demand. Therefore, MO has more surplus energy for selling in the wholesale market. In other words, DGs, clients' sensitivity to selling prices, and forward contracts enable MO to obtain a higher profit in all circumstances. To evaluate the optimal strategy based on the MO's risk preferences, the robustness and opportunity performance functions are developed for the risk-averse and risk-taker MOs, respectively. Simulation results demonstrate that the risk-averse and risk-taker MOs prefer to determine their optimal strategies based on the minimum and maximum wholesale prices, respectively. According to the proposed framework, MO has to offers the higher selling prices within high-price hours to cover the supply cost. Therefore, the selling price of the risk-taker MO is higher than the riskaverse MO. Moreover, the risk-taker MO prefers to participate in the wholesale market as a seller. The optimal power production of DGs in the risk-taker strategy is higher than the risk-averse one.
